A simple and environmentally friendly new method, a low-heating solid-state chemical method (LSCM), has been used to prepare uniform NH 4 TiOF 3 nanoplates with a thickness of about 100 nm in the absence of surfactants. The solid-solid transformation was used to convert NH 4 TiOF 3 nanoplates to TiO 2 nanoplates with an exposed (001) facet via a simple sintering process at different temperatures. The anatase TiO 2 nanoplates obtained in this work have super heat-stability, and can withstand high temperatures and maintain highly active anatase up to 1000 C. The obtained compact TiO 2 nanoplates have high photocurrent density and photocatalytic hydrogen-production activity, better than asprepared TiO 2 porous nanoplates and reported values in the literature, which is due to the exposed (001) facet and the high degree of crystallinity. This work provides a simple, efficient and environmentally friendly way to prepare TiO 2 nanoplates and nanoparticles, and also offers a new approach for preparing anatase TiO 2 with super heat-stability and high reactivity, which can be applied to H 2 -production via photocatalytic water splitting.
Introduction
The energy crisis has attracted worldwide attention, due to the extensive use and storage limitations of fossil fuels. [1] [2] [3] [4] The development and application of new energy sources have become important research areas. Among various new energy sources, and offering the benets of high energy density and environmental friendliness, hydrogen obtained from the photocatalytic splitting of water is regarded as one of the ideal candidates. 5, 6 Developing and researching semiconductor photocatalysts for hydrogen production has been recognized as a focus of research in inorganic chemistry, physical chemistry and material chemistry. To date, among various semiconductor photocatalysts that can produce hydrogen via the photocatalytic splitting of water, TiO 2 has the features of superior photocatalytic activity, chemical stability, low-cost and nontoxicity, [8] [9] [10] [11] [12] [13] so it is regarded as a suitable material for use in photocatalytic water splitting for hydrogen production. [14] [15] [16] [17] [18] The photocatalytic performance of TiO 2 is inuenced by many factors, such as the band gap, the active facet, the degree of crystallinity, the size and the morphology. In particular, for anatase TiO 2 , the high activity of the (001) facet has been veried to inuence the photocatalytic activity, through both theory and experiment. 19, 20 However, the preparation of anatase TiO 2 materials with an exposed (001) facet is still a difficult task. Yang et al. 19 used HF in a hydrothermal synthetic process to restrain the growth of the (001) facet, and obtained TiO 2 with an exposed (001) facet with high photocatalytic activity to produce H 2 . 21, 22 Thereaer, a number of methods were used to prepare TiO 2 with an exposed (001) facet. 19, [23] [24] [25] [26] [27] These methods usually involved hydrothermal or solvothermal processes at high pressure, and extremely corrosive and toxic HF or NH 4 F were used as supporting materials for the growing of crystal facets. Consequently, a facile, green and efficient method is needed for the preparation of anatase TiO 2 with an exposed (001) facet.
The low-heating solid-state chemical method (LSCM), needing only room temperature or a temperature below 100 C, is a facile, green, simple and environmentally friendly method to synthesize nanomaterials. 28, 29 The LSCM has been used to prepare many inorganic nanomaterials, including oxides, suldes, metals and composites, in our research group. [30] [31] [32] [33] [34] [35] [36] In this work, the LSCM was applied to the controlled synthesis of crystal surface exposed semiconductors to further develop the simple and effective solid-state method. We designed and prepared uoro-chemical NH 4 TiOF 3 nanoplates using the LSCM without any surfactant, and then converted the NH 4 TiOF 3 nanoplates to TiO 2 nanoplates. In the process of transformation, the presence of uorine in the NH 4 TiOF 3 nanoplates restrained the growth of the (001) facet. Thus, the anatase TiO 2 exposed (001) facet was obtained simply, avoiding the use of toxic substances that have been reported in the literature, such as HF and NH 4 F. The photocatalytic activity of the as-obtained anatase TiO 2 with an exposed (001) facet for H 2 production was investigated in detail.
Experimental

Synthesis
The various chemicals used in this work were purchased from commercial sources and used without further purication. In a typical experiment, 8 mmol of ammonium hexauorotitanate was weighed and ground for 10 min in an agate mortar. Subsequently, 6 mmol of boric acid was added. Aer grinding at room temperature for 0.5 h, the resulting solid samples were heated in a water bath at 60 C to perform the entire reaction.
The as-prepared samples were washed with distilled water and dried under natural conditions for 12 h. The obtained samples were assigned as the precursor and denoted as T1.
The nal products were fabricated through the calcination of precursor T1. The precursor T1 was annealed at 200 C, 300 C, 400 C, 500 C, 600 C, 700 C, 800 C, 900 C or 1000 C for 2 h under an air atmosphere. The nal products were denoted as T2, T3, T4, T5, T6, T7, T8, T9 and T10, respectively, and were collected for further characterization and testing. The detailed description of the obtained samples and the corresponding preparation conditions are provided in Table S1 . †
Characterization
A Bruker D8 Advance diffractometer was used to measure the Xray diffraction (XRD) patterns of the products, with Cu Ka radiation (k ¼ 1.54184Å) under operating conditions of 40 kV and 40 mA, over the range of 10-80 at a scanning rate of 2 min
À1
. The Scherrer formula is used to calculate the average size of the as-obtained products:
where K is usually taken as 0.89, l is the X-ray wavelength (1.5418Å in this study), q is the diffraction angle for the corresponding plane and B is the full width at half maximum (FWHM). Note that XRD analysis gives the average sizes of the as-prepared products; the original sizes and morphologies of the products were conrmed using electron microscopy. A Hitachi S-4800 scanning electron microscope was used to obtain the scanning electron microscopy (SEM) image at 5 kV. A JEOL JEM-2010F transmission electron microscope was used to obtain the transmission electron microscopy images and selected area electron diffraction (SAED) patterns at 200 kV. Xray photoelectron spectroscopy (XPS) measurements and analyses were conducted on an ESCALAB 250Xi photoelectron spectroscope. Porosity measurements and specic surface areas were obtained using a Quantachrome surface area and porosity analyzer (Autosorb-iQ2). The specic surface areas were estimated using the Brunauer-Emmett-Teller (BET) method. The UV-vis absorption spectra of the as-obtained products were obtained using a Hitachi U-3010 spectrophotometer over the range 200-800 nm. An electrochemical analyzer (CHI 660E) was used to measure the photocurrent intensities of the products using a standard three-electrode system at room temperature. The counter electrode was a platinum wire and the reference electrode was an Ag/AgCl electrode. The working electrodes were prepared by pasting uniform slurries consisting of the products on 1.2 cm Â 3.6 cm F-doped SnO 2 -coated glass (FTO glass); the paste area on the FTO was controlled at 4.32 cm 2 . The electrolyte was a 0.5 M Na 2 SO 4 aqueous solution.
Photocatalytic tests
A photocatalytic H 2 preparation system (CEL-SPH2NP, CHINA) was used to measure the photocatalytic hydrogen production. Typically, 50 mg of photocatalyst was put into a glass reaction cell containing 74 mL of distilled water, 1. In addition, no surfactant was used as an auxiliary material during the process of synthesis, which illustrates the simple, mild, environmentally friendly and low-cost features of the LSCM and indicates the superiority and practical value of green methods in the eld of chemical synthesis. Fig. S3 , † which indicates that the TiO 2 obtained in this work has super heat-stability. With a rise in treatment temperature, the degree of crystallinity of the samples progressively improves. A high degree of crystallinity may be benecial for H 2 production from the splitting of water in sunlight using photocatalysts.
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The elemental compositions and bonding structures were characterized using XPS techniques. The sharp photoelectron peaks appearing at binding energies of 458.9 eV (Ti 2p), 531.1 eV (O 1s) and 564.3 eV (Ti 2s) in Fig. 2a indicate that sample T8 contains the elements Ti and O, and there are no obvious signals from the elements B and F in the sample T8 (Fig. S2 †) . The high-resolution XPS spectra (HR-XPS) of the Ti 2p peaks are shown in Fig. 2b, and Fig . 2c shows the HRXPS spectra of O 1s; the peak at 530.6 eV in Fig. 2c can be assigned to oxygen in the form of Ti-O-Ti, and the peak at 531.8 eV can be ascribed to the Ti-O-H form. 42 The hydroxy on the surface of TiO 2 may be benecial for the photocatalytic performance through improving the hydrophilicity of the material. EDS techniques were used to further analyze the elemental compositions. Fig. 2d shows the EDS spectrum of sample T8; the inset is the element content of sample T8. The results from the EDS spectrum and the inset indicate that there is no F element in the samples. The high-resolution XPS spectra of F 1s and B 1s in Fig. S2 † also indicate that there is no F or B element in sample T8, because F can easily be removed by heating for 30 min. The results are consisted with those obtained using XPS. The results from XPS and EDS indicate that the simple LSCM has not introduced any impurity elements into the target during the synthesis process, and extra puri-cation aer the LSCM is also unnecessary, which indicates the superiority and feasibility of the LSCM in the eld of chemical synthesis. Fig. 3a shows that the morphology of the as-prepared precursor T1 consists of uniform platelets with a thickness of about 100 nm. The uniform morphology and the simple synthesis process indicate the simple features of the LSCM. The morphology of sample T2 is the same as for the precursor T1 (Fig. 3b) . But the morphologies of samples T4 (Fig. 3c) and T6 (Fig. 3d) consist of nanoplates composed of abundant nanoparticles, and the thickness of the single-layer nanoplates is about 50 nm. When the temperature is at or below 800 C, the morphology of the obtained sample T8 consists of smooth nanoplates with a thickness of about 50 nm (Fig. 3e) . But when the temperature is above 800 C, the samples quickly grow to bigger particles and reunication phenomena occur (Fig. 3f) . The average size of the obtained samples and the increment in average size during the calcination process at different temperatures were further calculated using the Scherrer formula and are shown in Table S2 . † In order to explore the specic formative processes of the TiO 2 nanoplates under high temperatures, the progressive changes in the TiO 2 nanoplates during the heating process were observed and a simulated diagram is presented in Fig. 4a . Typically, F À and NH 4 + will disappear from the NH 4 TiOF 3 nanoplates during the heating process, and the precursor will start to convert to TiO 2 during calcination above 200 C. During the heating process, the particles in the middle of the nanoplates may migrate to the surface of the nanoplates. Thus, the middle of the nanoplates will become hollow; when the treatment temperature is up to 300 C, the morphology of the as-prepared TiO 2 will involve double-layer nanoplates consisting of particles.
Morphologies of the products
With an increase in the treatment temperature, the double-layer nanoplates will be decomposed to single-layer nanoplates or even nanoparticles with a size of about 50 nm. At 800 C, the nanoparticles will become nanoplates with a smooth surface, with orientated fusion between nanocrystals. 43 This orientated fusion phenomenon is affirmed from the SEM images (Fig. 4b-d) . With prolongation of the annealing time at 800 C, the morphology of TiO 2 will change from porous nanoplates (Fig. 4c ) to compact nanoplates (Fig. 4d) . Finally, aer 2 h at 800 C, the nanoplates composed of nanoparticles will generate smooth nanoplates. If the temperature keeps increasing above 800 C, the samples will quickly grow to become large particles (Fig. 3f) , which is in accordance with the regularity seen in Table S2 , † and the reunication phenomenon was also observed when the temperature was higher than 900 C. During the process of growing the products, no auxiliary materials were used to control the formation of the nanoplates, which also indicates the simple and low-cost features of the solid-state method. Fig. 5 shows micrographs of sample T8. The abundant nanoplates are displayed in the low-resolution SEM (Fig. 5a ) and high-resolution SEM (Fig. 5b and c) images. The TEM image of T8 (Fig. 5d ) also indicates that the morphology of sample T8 is nanoplates with a thickness of about 50 nm. The lattice rules from the SAED in Fig. 5e indicate that the as-prepared TiO 2 is monocrystalline. The interplanar spacing in Fig. 5f and g indicates that the as-prepared samples are anatase TiO 2 with an exposed (001) facet. [44] [45] [46] Zhou et al. also reported that heating at 700-900 C will lead to TiO 2 with an exposed (001) facet. 43 The surface energy and reactivity of the (001) facet of TiO 2 is relative higher than for the other ones. 23 Therefore, the exposed (001) facet may be benecial for the photocatalytic performance. The results from electron microscope observation indicate that TiO 2 with a high-activity (001) facet can also be synthesized using the simple solid-state method without any additional surfactant to control the process of growing the products.
UV-vis absorption spectra
The absorbance properties of the as-obtained products are displayed in Fig. 6a . The absorption intensities of the samples obtained at different temperatures all start to increase at 400 nm (Fig. 6a) , which is similar to the intrinsic band gap of anatase TiO 2 (about 3. 2 eV (ref. 47)) . A similar band gap of about 3.2 eV for all the samples is also shown in Fig. 6b . This indicates that the absorbance properties and band gaps of the samples have nothing to do with the sintering temperature. There are no absorption peaks caused by N or B elements observed in Fig. 6a , which also indicates that pure TiO 2 can be obtained using the solid-state method.
Photocatalytic activity and photocurrent density
Photocatalytic H 2 production from water splitting was used to evaluate the photocatalytic activities of all samples, and the results are shown in Fig. 7 . The information in Fig. 7a indicates that the rate of H 2 generation rstly increases, and then decreases, with a rise in the sintering temperature, and the rate using sample T8 is 13 mmol h À1 g À1 , which is the highest rate from all the as-prepared photocatalysts in this work and better than reported values in the literature. 48, 49 But the rate of H 2 generation decreases when the sintering temperature is above 800 C. In comparison, the amount of H 2 production aer 5 h is shown in Fig. 7b ; it can clearly be seen that the amount of H 2 generation using sample T8 is 4 times that of sample T4, and 9.5 times that of sample T10. The corresponding quantum efficiency of sample T8 under 365 nm, 400 nm and 600 nm light is shown in Fig. 8 . The reason behind the high photocatalytic activity may be the comprehensive impact of the size of the photocatalyst (see Table S2 †), the degree of crystallisation, the specic surface area (see Table S3 †) and the exposed (001) facet. The amount of photocatalytic hydrogen production relative to the specic surface area is shown in Fig. 7c . This demonstrates that the photocatalytic performance of sample T8 is also excellent without the effect of specic surface area. Thus, the high photocatalytic activity of T8 may be ascribed to the exposed (001) facet and the high degree of crystallinity. The semiconductor's ability to generate and transfer photogenerated charge carriers will be indirectly reected by the value of the photocurrent under irradiation. 50 In order to conrm the active photocatalytic performance of the photocatalysts obtained using the simple solid-state method, the asobtained photocatalysts were coated on FTO electrodes to evaluate the photocurrent, and the results are displayed in Fig. 7d . Prompt generation of photocurrent was observed when the electrodes were illuminated. With an increase in the annealing temperature, the photocurrent density of the asprepared TiO 2 became higher. In particular, sample T8 shows the highest photocurrent density. It reached a value as high as 0.22 mA cm À2 , which is twice that of sample T4, and 20 times that of sample T10. The photocurrent density decreases quickly when the sintering temperature is above 800 C. Note that sample T10 shows a low photocurrent density, which may be caused by a larger size of crystal and a rapid recombination of the photo-generated electrons and holes in TiO 2 . The highest photocurrent density from sample T8 may be a consequence of the exposed (001) facet and the more perfect crystalline nature of the sample. Zhao et al. also reported that with an exposed (001) facet the slow recombination rate of photo-induced charges will lead to more favorable photocatalytic activity for TiO 2 .
23,51
The more perfect crystalline nature would reduce obstacles to electronic transmission and allow more electrons to reach the surface of the photocatalyst to assist the catalytic reactions.
The QE values for the photocatalyst T8 were also calculated, using the amount of H 2 production under light of different wavelengths (365 nm, 400 nm and 600 nm). The QE is 0.93%, Fig. 6 (a) UV-vis absorption spectra of samples T4, T6, T8 and T10; and (b) Tauc plots of samples T4, T6, T8 and T10. Fig. 7 (a) Photocatalytic hydrogen evolution using the obtained TiO 2 ; (b) the amount of photocatalytic hydrogen production after 5 h of irradiation; (c) the amount of photocatalytic hydrogen production relative to the specific surface area -the histogram is the amount of photocatalytic hydrogen production for each specific surface area after 5 h of irradiation and the line is the specific surface area of the samples T4, T6, T8, and T10; and (d) the photocurrent density for samples T4, T6, T8, and T10 under UV irradiation at 0.36 V vs. Ag/AgCl. Fig. 8 (a) The quantum efficiency of sample T8 under 365, 400 and 600 nm light; and (b) the UV-vis absorption spectrum of sample T8.
0.08% and 0% under 365 nm, 400 nm and 600 nm, respectively. The results in Fig. 8a show that the QE decreases with an increase in the wavelength, which is consistent with the absorption intensity in the UV-visible absorption spectra (Fig. 8b) .
Conclusions
In summary, we have successfully prepared uniform NH 4 TiOF 3 nanoplates with a thickness of about 100 nm using a green, solvent-free LSCM in the absence of a template. The simple solid-solid transformation was used to convert NH 4 TiOF 3 to TiO 2 nanoplates with an exposed (001) facet, with a single layer thickness of about 50 nm. The TiO 2 obtained in this work has good heat-stability, and is able to withstand high temperatures and maintain a stable anatase phase up to 1000 C. The anatase TiO 2 nanoplates exhibit a high rate of H 2 generation, due to the exposed (001) facet and the high crystallinity. This work provides an efficient and environmentally friendly method to prepare TiO 2 nanoplates with good heat-stability and high photocatalytic activity for hydrogen production.
